Triple-negative breast cancers (TNBCs) are aggressive and lack targeted therapies. Understanding how nutrients are used in TNBCs may provide new targets for therapeutic intervention. We demonstrate that the transcription factor c-Myc drives glucose metabolism in TNBC cells but does so by a previously unappreciated mechanism that involves direct repression of thioredoxin-interacting protein (TXNIP). TXNIP is a potent negative regulator of glucose uptake, aerobic glycolysis, and glycolytic gene expression; thus its repression by c-Myc provides an alternate route to c-Myc-driven glucose metabolism. c-Myc reduces TXNIP gene expression by binding to an E-box-containing region in the TXNIP promoter, possibly competing with the related transcription factor MondoA. TXNIP suppression increases glucose uptake and drives a dependence on glycolysis. Ectopic TXNIP expression decreases glucose uptake, reduces cell proliferation, and increases apoptosis. Supporting the biological significance of the reciprocal relationship between c-Myc and TXNIP, a Myc high /TXNIP low gene signature correlates with decreased overall survival and decreased metastasis-free survival in breast cancer. The correlation between the Myc high /TXNIP low gene signature and poor clinical outcome is evident only in TNBC, not in other breast cancer subclasses. Mutation of TP53, which is a defining molecular feature of TNBC, enhances the correlation between the Myc high /TXNIP low gene signature and death from breast cancer. Because Myc drives nutrient utilization and TXNIP restricts glucose availability, we propose that the Myc high /TXNIP low gene signature coordinates nutrient utilization with nutrient availability. Further, our data suggest that loss of the p53 tumor suppressor cooperates with Myc high /TXNIP low -driven metabolic dysregulation to drive the aggressive clinical behavior of TNBC.
Triple-negative breast cancers (TNBCs) are aggressive and lack targeted therapies. Understanding how nutrients are used in TNBCs may provide new targets for therapeutic intervention. We demonstrate that the transcription factor c-Myc drives glucose metabolism in TNBC cells but does so by a previously unappreciated mechanism that involves direct repression of thioredoxin-interacting protein (TXNIP). TXNIP is a potent negative regulator of glucose uptake, aerobic glycolysis, and glycolytic gene expression; thus its repression by c-Myc provides an alternate route to c-Myc-driven glucose metabolism. c-Myc reduces TXNIP gene expression by binding to an E-box-containing region in the TXNIP promoter, possibly competing with the related transcription factor MondoA. TXNIP suppression increases glucose uptake and drives a dependence on glycolysis. Ectopic TXNIP expression decreases glucose uptake, reduces cell proliferation, and increases apoptosis. Supporting the biological significance of the reciprocal relationship between c-Myc and TXNIP, a Myc high /TXNIP low gene signature correlates with decreased overall survival and decreased metastasis-free survival in breast cancer. The correlation between the Myc high /TXNIP low gene signature and poor clinical outcome is evident only in TNBC, not in other breast cancer subclasses. Mutation of TP53, which is a defining molecular feature of TNBC, enhances the correlation between the Myc high /TXNIP low gene signature and death from breast cancer. Because Myc drives nutrient utilization and TXNIP restricts glucose availability, we propose that the Myc high /TXNIP low gene signature coordinates nutrient utilization with nutrient availability. Further, our data suggest that loss of the p53 tumor suppressor cooperates with Myc high /TXNIP low -driven metabolic dysregulation to drive the aggressive clinical behavior of TNBC.
Myc | MondoA | thioredoxin-interacting protein | glycolysis | triple-negative breast cancer B reast cancer is a heterogeneous disease with multiple subtypes. Triple-negative breast cancers (TNBC) lack expression of the estrogen receptor (ER), the progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2). Compared with the other breast cancer subtypes, TNBCs tend to occur at a younger age and have a higher rate of reoccurrence and worse outcomes (1) . Because ER, PR, and HER2 are lacking, no targeted therapies are currently available for TNBC, and treatment options are restricted to surgery, radiation therapy, and chemotherapy. Approximately 15-20% of all breast cancers are triple negative, and about 75% of TNBCs also fall into the basal subclass of breast cancer, which is defined by a gene-expression signature. The aggressiveness of TNBC and the lack of targeted therapies highlight the need to understand the pathways required for TNBC growth and survival.
Cancer cells up-regulate glucose and glutamine metabolism to fuel their bioenergetic and biosynthetic demands (2) . TNBC is no exception to this generality, having elevated glucose uptake and a glycolytic gene-expression signature (3) . Furthermore, TNBCs are more sensitive to glutamine depletion and have higher glutamine consumption than other breast cancer subtypes, suggesting that glutaminolysis is also up-regulated (4). The transcriptional drivers of increased glucose metabolism in TNBC are not well characterized, although dysregulation of the transcription factor c-Myc (hereafter, Myc) is thought to play a critical role. For example, Myc overexpression and Mycdependent gene signatures are features of TNBCs (3, 5, 6) , and Myc is a known driver of glycolytic gene expression, glucose uptake, and aerobic glycolysis (7) .
Myc is a member of the basic region helix-loop-helix leucine zipper (bHLHZip) family of transcription factors and requires interaction with another bHLHZip protein, Max, for its transcriptional and transforming activity (8) . Myc:Max complexes stimulate aerobic glycolysis by driving the expression of glycolytic target genes and glucose transporters (7), providing carbon backbones for anabolic biosynthesis (2, 9) . Many of these biosynthetic pathways, as well as ribosomal biogenesis, are under Myc transcriptional control (7, 10) . We previously identified another bHLHZip transcription complex, the MondoA:Mlx complex, which controls the availability of glucose and coordinates the utilization of glucose and glutamine (11) .
MondoA:Mlx complexes are under tight regulatory control, and they accumulate in the nucleus on target gene promoters only in the presence of high glycolytic flux. MondoA:Mlx complexes are important, and perhaps the principal, regulators of glucose-induced gene expression (12) . One glucose-induced and direct transcriptional target of MondoA:Mlx complexes is Significance Triple-negative breast cancers (TNBCs) are aggressive with poor clinical outcomes. Understanding the pathways that control their aggressive growth may reveal new targets for therapeutic intervention. TNBCs are highly glycolytic, providing fuel for growth promoting biosynthetic pathways. We establish that the c-Myc transcription factor drives this metabolic phenotype. Classically, the c-Myc proto-oncogene drives glycolysis by activating target genes encoding glycolytic enzymes and glucose transporters; however, we show here that c-Myc represses the expression of thioredoxin-interacting protein (TXNIP), which is a potent blocker of glucose utilization. Thus, c-Myc's repression of TXNIP provides an additional route to c-Myc-driven glucose metabolism. Highlighting the clinical significance of our finding, a Myc high /TXNIP low gene signature correlates with poor overall survival in TNBC but not in other subclasses of breast cancer.
thioredoxin-interacting protein (TXNIP) (12) . Among its many functions, TXNIP is a potent negative regulator of glucose uptake and aerobic glycolysis (13) (14) (15) . Thus, the glucose-and MondoA-dependent induction of TXNIP triggers a negative feedback circuit that normalizes glycolytic flux.
In addition to blocking glucose uptake and restricting aerobic glycolysis, TXNIP has other antiproliferative activities (11) , suggesting that TXNIP may be a tumor suppressor. Multiple reports support this contention (11, (16) (17) (18) (19) . Here we investigate how Myc controls nutrient utilization in TNBC and report that Myc represses TXNIP expression, stimulating TNBC glucose metabolism to support the growth and survival of this aggressive breast cancer subtype.
Results
Myc Represses TXNIP in TNBC. To investigate Myc's role in TNBC metabolism, we reduced its levels in the triple-negative (TN) cell line MDA-MB-157 using an siRNA pool (Fig. 1A) . Consistent with Myc's well-established role in glycolysis, glucose uptake was reduced in knockdown cells relative to controls (Fig. 1B) . Myc knockdown in this same cell line did not reduce glutamine uptake (Fig. 1C) , suggesting that Myc is not a primary driver of glutamine uptake in TNBC. Consistent with this conclusion, a recent study found no correlation between Myc levels or Mycactivity score and the sensitivity of more than 40 breast cancer cell lines, including TNBC lines, to glutamine deprivation (4) . Similarly, we found no correlation between Myc-activity score and the sensitivity of 15 TNBC cell lines to the glutaminase inhibitor CB-839 ( Fig. S1A) (20) .
Classically, Myc regulates glycolysis by direct regulation of genes encoding glycolytic enzymes. However, given the similarities between Myc and MondoA (11), we wondered whether Myc might also drive glycolysis by repressing TXNIP. Several pieces of evidence support this hypothesis. First, TXNIP protein levels increased following Myc knockdown (Fig. 1A) . TXNIP mRNA levels also increased after Myc knockdown, suggesting that Myc regulates TXNIP transcription rather than TXNIP translation or protein stability (Fig. 1D) . Second, we identified an inverse relationship between Myc activity as determined by gene-signature score and TXNIP mRNA levels in a panel of 56 breast cancer cell lines (Fig. 1E and Table S1 ). Third, Myc knockdown in the TN cell line MDA-MB-231 also increased TXNIP mRNA levels and the mRNA levels of the TXNIP paralog, ARRDC4 (Fig.  S1B) . Fourth, low levels of the bromodomain inhibitor JQ1 reduced Myc levels and increased TXNIP levels in MDA-MB-157 and MDA-MB-231 cells (Fig. 1F and Fig. S1 C and D) . Importantly, TXNIP induction by JQ1 was dose dependent and was suppressed almost completely by ectopic Myc expression (Fig. 1F) , suggesting that JQ1 induces TXNIP primarily via Myc down-regulation and not by an off-target effect. Taken together, these results indicate that Myc can repress TXNIP expression, suggesting another route to Myc-driven aerobic glycolysis in TNBC.
To investigate the relationship between Myc and TXNIP further, we reduced Myc levels in primary tumor cell cultures isolated from patient-derived breast cancer xenografts and cultured minimally on plastic (21) . Because these primary cells are not readily transfectable, we reduced Myc levels with JQ1 in three different cell populations. TXNIP levels increased in each cell population, with more pronounced induction in the two-cell populations isolated from TNBCs (HCI-010 and HCI-014) than in cells isolated from a triple-positive breast tumor (HCI-007) (Fig. 1G ). JQ1 also induced TXNIP mRNA more robustly in TNBC cell lines than in non-TNBC cell lines (Fig. S1E) . However, TXNIP induction by JQ1 did not correlate with Mycactivity score (Table S1 ), suggesting that the differences in Myc activity in TNBC and triple-positive cell lines do not dictate all JQ1 responsiveness. Consistent with Myc's regulation of glucose but not glutamine uptake in TNBC (Fig. 1C) , treatment of HCI-014 cells with 100 nM JQ1 reduced the glycolytic intermediates glucose 6-phosphate, 3-phosphoglycerate, and 2-phosphoglycerate ( Fig. S1 F-H) but did not reduce levels of glutamate (Fig. S1I ). Three pieces of genomic data suggest that Myc represses TXNIP expression directly. First, ENCODE ChIP-sequencing (ChIP-seq) datasets (University of California, Santa Cruz Genome browser), including one from the breast cancer cell line MCF7, demonstrate that Myc can occupy a region just upstream of the TXNIP transcriptional start site. Second, Max also can occupy this region of the TXNIP promoter, although these studies were not conducted in MCF7s. Third, Myc:Max complexes recruit Miz-1 to repress transcription, and Myc and Miz-1 can co-occupy the TXNIP promoter in T cells and MEFs (22 3A) . These data suggest that, following a reduction of Myc, increased binding to the TXNIP promoter by MondoA:Mlx complexes increased TXNIP expression.
Myc Represses TXNIP Directly. We next determined Myc and MondoA occupancy at the TXNIP promoter under a physiological cell transition in which both Myc and TXNIP are dynamically regulated (8, 23) , namely the G0-to-G1 transition. As expected c-Myc and TXNIP were up-regulated and down-regulated, respectively, by serum stimulation of quiescent MDA-MB-157 cells ( Fig. 3B and Fig. S2E ), but MondoA levels did not change during the G0-to-G1 transition (Fig. 3B) . TXNIP down-regulation during early G1 was reduced by Myc knockdown or JQ1 treatment, suggesting that Myc is required to repress TXNIP in early G1 ( Fig. 3B and Fig. S2F ). Relative to the serum-starved controls, MondoA levels decreased and Myc levels increased on the TXNIP promoter after serum treatment ( Fig. 3 C and D) . Thus, Myc occupancy of the TXNIP promoter correlates with low TXNIP expression, whereas MondoA occupancy correlates with high TXNIP expression. We conclude that Myc binds the TXNIP promoter, suppressing TXNIP expression by a direct mechanism.
Myc and TXNIP Control TNBC Glucose Metabolism. To understand the interplay between Myc and TXNIP in controlling the growth and survival of TNBC cells, we manipulated their levels and measured different metabolic and growth parameters. First, we reduced TXNIP levels in MDA-MB-157 cells using a lentiviraldelivered TXNIP-specific shRNA. We then transfected a Mycspecific siRNA pool to reduce Myc levels in TXNIP-knockdown or control cells. As above (Fig. 1A) , Myc knockdown increased TXNIP expression (Fig. 4A) . Glucose uptake increased in cells with TXNIP knockdown, and glucose uptake returned to control levels in TXNIP-knockdown cells that also had Myc knockdown (Fig. 4B) . Conversely, glucose uptake was suppressed in Mycknockdown cells, and glucose uptake returned to control levels in Myc-knockdown cells that also had TXNIP knockdown. TXNIPknockdown cells were more sensitive to the glucose analog and glycolytic inhibitor 2-deoxyglucose, suggesting that low TXNIP levels drive a dependence on glycolysis (Fig. 4C) . Despite the increase in glucose uptake, TXNIP-knockdown cells did not have an elevated extracellular acidification rate (ECAR) or changes in the oxygen consumption rate (OCR) (Fig. S2 G and H) . This finding suggests that TXNIP loss propels glucose-derived carbons into biosynthetic pathways rather than driving the generation of lactate.
To determine how TXNIP overexpression affects TNBC cell growth, we generated an MDA-MB-157 cell population that carries a doxycycline-inducible V5-tagged TXNIP allele (Fig. 4D) . TXNIP induction reduced glucose uptake, as expected, and reduced ECAR (Fig. 4 E and F) . TXNIP overexpression did not alter glutamine consumption or the OCR (Fig. S2 I and J) . Furthermore, TXNIP induction reduced the number of viable cells by blocking cell proliferation and increasing apoptosis, particularly in cells grown in low serum to reduce signaling through progrowth pathways (Fig. 4G) . Together, these experiments suggest that TXNIP loss promotes proliferation/survival and that TXNIP overexpression restricts proliferation/survival of MDA-MB-157 cells.
Low TXNIP and High Myc Expression Levels Predict Poor Outcome in TNBC. To evaluate the clinical significance of the reciprocal relationship between Myc and TXNIP, we correlated their expression levels with patient outcome. We examined their expression in tumors collected from 295 patients, all under the age of 53 y, with stage I or stage II breast cancer (24) . We confirmed previous findings that low TXNIP levels correlated with decreased overall survival (Fig. S3A) (16, 25) and also identified a correlation between low TXNIP and decreased metastasis-free survival (Fig. 5A) . Furthermore, low TXNIP expression correlated with decreased overall survival and decreased metastasis-free survival in patients whose tumors also had high Myc expression The amount of MondoA (C) or Myc (D) bound to the TXNIP promoter in quiescent (G0) or early G1 (4 h after serum release) in MDA-MB-157 cells was determined by ChIP. ***P < 0.001; ****P < 0.0001 as determined using paired t tests. n, number of independent biological replicates. Values are reported as mean ± SEM.
( Fig. 5B and Fig. S3A ). This finding does not simply reflect a strong tumorigenic drive of high Myc expression, because Myc levels alone had no correlative power in terms of metastasis-free survival (Fig. 5C ). No correlative relationship was evident in tumors that had low TXNIP and low Myc expression ( Fig. S3 A  and B) . We confirmed each of these findings in a large compendium dataset with more than 1,200 samples that was generated by normalizing and combining expression levels from five unique datasets (26) and in the Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) dataset (Fig.  S3 B and C) . We conclude that low TXNIP expression correlates with poor prognosis; however, the negative effect of low TXNIP expression is most evident when Myc levels are high also.
We next correlated the Myc high /TXNIP low gene signature with outcomes in different clinical subtypes of breast cancer. We subdivided the METABRIC data into TNBC (133 tumors) and non-TNBC (822 tumors). The Myc high /TXNIP low gene signature correlated with death from TNBC but had no correlative power in non-TNBCs (Fig. 5 D and E) . Subdividing the METABRIC data into the intrinsic breast cancer subtypes revealed that the Myc high /TXNIP low gene signature correlated with death from basal breast cancer but did not correlate with clinical outcome in luminal A, luminal B, or HER2 + breast cancers (Fig. S3D) . To understand better why the Myc high /TXNIP low gene signature correlated with poor clinical outcome only in TNBC, we stratified the clinical data by p53 status, which is mutated in ∼60-90% of TNBCs (27) . We made three observations: First, the correlation between the Myc high /TXNIP low gene signature and poor clinical outcome was observed only in tumors with mutant p53 (Fig. S3E) ; second, p53 mutation enhanced the correlation between the Myc high /TXNIP low gene signature and poor clinical outcome (Fig. 5F) ; third, the interaction between mutant p53 and the Myc high /TXNIP low gene signature depended primarily on low TXNIP expression and not on high Myc expression (Fig. S3  F and G) .
Discussion
Classically, Myc increases aerobic glycolysis by regulating the expression of glycolytic target genes and glucose transporters (7). However, because knockdown or deletion of TXNIP is sufficient to reprogram metabolism toward aerobic glycolysis (13, 14) , our discovery that Myc can repress TXNIP directly provides an additional route to Myc-driven aerobic glycolysis. We propose that the overall level of Myc-driven aerobic glycolysis is a combination of its direct activation of glycolytic target genes and its repression of TXNIP. Supporting this conclusion, the increase in glucose uptake stemming from TXNIP knockdown requires Myc, and, conversely, the decrease in glucose uptake stemming from Myc knockdown requires TXNIP (Fig. 4B) . Further, Myc or TXNIP knockdown alters glucose uptake to a similar degree, suggesting that Myc's repression of TXNIP contributes significantly to Myc-dependent aerobic glycolysis. Our focus is on TXNIP's role as a repressor of glucose uptake and aerobic glycolysis; however, its down-regulation by Myc presumably also restricts its other growth-suppressive activities (11) . Thus, Mycdependent repression of TXNIP may limit a number of antiproliferative functions. In this study we show that Myc represses TXNIP in TNBC cells; however, c-Myc increases MondoA expression in a number of lymphocyte cell lines, and N-Myc increases MondoA-dependent TXNIP expression in Tet21N neuroblastoma cells (28) . Thus, whether Myc family members repress or activate TXNIP expression appears to be paralog or cell-type specific, perhaps reflecting differences in how nutrients are used or sensed in different cell lineages.
Our study provides a mechanistic framework to understand better earlier work that implicated Myc in controlling glucose metabolism in TNBC (3). Myc suppression increases TXNIP expression in two TNBC cell lines and in cell cultures derived from two independent patient TN tumors. Further, Myc activity is inversely correlated with TXNIP expression in a large collection of breast cancer cell lines. Thus, we conclude that Myc's repression of TXNIP and the resultant increased glucose metabolism is a general feature of TNBC. In contrast, previous studies showed that TNBCs also rely on glutamine for growth; however, we found no correlation between Myc activity and sensitivity to inhibition of glutaminolysis. Thus, Myc may not be the primary driver of glutamine dependence in TNBC. The Gray laboratory (4) suggested that the uptake of cystine by the xCT antiporter, which requires glutamine, may underlie the glutamine dependence of TNBC, providing one potential Myc-independent mechanism of glutamine addiction.
Myc occupies a region just upstream of the TXNIP transcriptional start site; thus, we conclude that Myc complexes reduce TXNIP expression directly. There are two double E-Box elements spaced about 100 bp apart in the Myc-occupied region of the TXNIP promoter that may function as direct Myc:Max binding sites (29) . MondoA:Mlx complexes function primarily through the start site-proximal double E-box ChoRE (30) . Myc can repress transcription by a variety of mechanisms (31) , so it is possible that Myc:Max complexes recruit repression machinery to the distal E-box pair to repress TXNIP expression. However, we demonstrate that MondoA binding to the TXNIP promoter is inversely correlated with Myc binding and that the binding of MondoA, whose levels are not under Myc control, to the TXNIP (E-G) We determined the rates of glucose uptake (E) and ECAR (F) and the relative number of viable cells or percentage apoptotic cells (G) in control (Vec) or TXNIP-induced cells. In G, the different cell populations were grown in the indicated amounts of serum for 3 d. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. In B, statistical significance was determined using ordinary one-way ANOVA. In C, E, F, and G, statistical significance was determined using t tests. n, number of independent biological replicates. Values are reported as mean ± SEM in B and G and as mean ± SD in C, E, and F.
promoter increases in Myc-knockdown cells. These data raise the possibility that Myc:Max complexes displace strongly activating MondoA:Mlx complexes (32, 33) from the TXNIP promoter, resulting in repression of TXNIP expression. Alternatively, because suppression of Myc levels rewires intracellular metabolism, Myc knockdown may increase the nuclear activity of MondoA:Mlx complexes and their occupancy of the TXNIP promoter by an indirect mechanism. Our study sets the stage to distinguish between these regulatory mechanisms.
TXNIP expression above the mean (TXNIP high ) correlates with better breast cancer outcome in two reports, one of which examined data from four independent studies (16, 25) . We confirmed this result in two additional independent datasets and in a compendium dataset comprising expression and outcome data from five independent studies. We also discovered that high TXNIP expression correlates with increased metastasis-free survival in younger women with early-stage cancers (24) . Thus, decreased TXNIP expression appears to be a relatively early event in tumorigenesis that is predictive of worse prognosis later in disease progression. Finding that TXNIP is a putative metastasis suppressor in breast cancer supports a number of in vitro experiments showing that it can block metastatic phenotypes (19, 34, 35) .
Myc overexpression is a feature of TNBC (5, 6, 36) , and a previous study showed that the highest tumor expression of a Myc pathway gene signature correlated with worse clinical outcome and resistance to chemotherapy (37) . However, we found that high Myc levels correlated with lower overall survival only in one dataset. In contrast, a Myc high /TXNIP low gene signature correlated with reduced overall survival in all datasets examined and with decreased metastasis-free survival in the one dataset with available clinical data. These results validate the clinical significance of the reciprocal relationship between Myc and TXNIP described here and suggest that the deleterious effects of low TXNIP expression are exacerbated by high Myc expression.
We propose that tumors with low TXNIP expression have elevated glucose uptake and aerobic glycolysis, which help fuel anabolic biosynthesis driven by high Myc expression. The Myc high /TXNIP low gene signature correlated with worse outcome in TNBCs but not in non-TNBCs, suggesting that the Myc high / TXNIP low gene signature contributes to the aggressive behavior of this breast tumor subclass. Our data suggest that the Myc high / TXNIP low gene signature is restricted to or is enriched in TNBC, because p53 is mutated in the majority of these cancers (27) . How p53 loss cooperates with the Myc high /TXNIP low gene signature to promote the growth and survival of this aggressive tumor type merits further investigation.
Materials and Methods
Cell Culture and Conditions. Cells were maintained at 37°C in 5% CO 2 in medium containing penicillin/streptomycin, glutamine, and 10% (vol/vol) standard FBS (Invitrogen) unless otherwise indicated. Wild-type and MondoA-KO MEFs were generated as described previously (38) . MCF7, MDA-MB-361, MDA-MB-157, and MEF cells were grown in DMEM. MDA-MB-231 cells were grown in RPMI. The primary breast tumor cells (HCI-007, HCI-010, and HCI-014) were isolated from human tumor explants and grown in DMEM/ F12 as described previously (21) . For serum starvation, cells were incubated in DMEM containing 0.1% BSA and penicillin/streptomycin for 72 h. Serum starvation medium was replaced with growth medium for the times indicated.
Plasmids and Viruses. The TXNIP-luciferase reporter constructs were described previously (38) . Lentivirus producing TXNIP shRNA were as described (39) . A TXNIP-V5-tagged cDNA was cloned into the pLVX-Tet-One-Puro vector (Clontech), and the resulting virus was used to generate MDA-MB-157 cells with doxycycline-inducible expression of TXNIP-V5.
Western Blotting. Cells were collected and lysed in ice-cold RIPA buffer containing protease and phosphatase inhibitors. We used the Bio-Rad Protein Assay to determine protein concentration (Bio-Rad Laboratories). Forty micrograms of protein lysate were analyzed. Primary antibodies were used at dilutions of 1:500 for anti-MondoA (38), 1:1,000 for anti-VDUP1 (TXNIP) (Medical and Biological Laboratories), 1:500 for anti-Myc (Santa Cruz Biotechnology or Abcam), or 1:10,000 for anti-tubulin (Sigma). Secondary antibodies (Amersham Biosciences) were used at a 1:5,000 dilution. Western Lightning Chemiluminescence Plus (PerkinElmer) was used for detection.
Quantitative PCR. For expression analysis, total RNA was extracted from cells using RNAeasy Mini Kit (Qiagen), and cDNA was generated from 1 μg RNA using GoScript Reverse Transcription System (Promega). Quantitative PCR (qPCR) was performed with SYBR Green PCR Mix, the CFX connect Real Time System, and CFX Manager 3.1 software (Bio-Rad) to quantify RNA levels. In our analysis, mRNA levels were determined using a standard curve. Values listed for specific mRNAs are expressed relative to corresponding β-actin levels. Measurements represent the average and SD of three biological replicates for RNA analysis. Primer sequences are available on request.
Cell-Based Assays. Luciferase reporter assays were performed as described previously (40) . The number of viable and apoptotic cells in the cell-viability assays were determined using the Guava ViaCount Assay (Millipore). Uptake of tritiated deoxy-D-glucose, 2-[1,2-3H(N)] (PerkinElmer) or glutamine, L-[2,3,4-3H] (American Radiolabeled Chemicals) was performed essentially as described using 1 μCi of either compound in a 1-mL labeling reaction (38) . OCR and ECAR were determined on a Seahorse XF24 by the University of Utah's Metabolic Phenotyping Core. ON-TARGETplus SMARTpool MYC (L-003282-00-0005) and ON-TARGETplus Nontargeting pool (D-001810-10-5) were from Dharmacon. Five microliters of a 20-μM siRNA stock were mixed with 5 μL of Lipofectamine RNAiMax (Life Technologies) and 200 μL of Opti-MEM (Life Technologies). The final concentration in the transfection was 50 nM siRNA. To determine steady-state metabolites, extracts were prepared from 2-6 × 10 6 cells with methanol containing internal standard solution of d4-succinate (Human Metabolome Technologies) and analyzed by the University of Utah Metabolomics Core. GC-MS analysis was performed with a Waters GCT Premier mass spectrometer (GERSTEL) fitted with an Agilent 6890 gas chromatograph and a GERSTEL MPS2 autosampler. Data were collected using MassLynx 4.1 software (Waters). Metabolites were identified and their peak area was recorded using QuanLynx. Metabolite identity was established using a combination of an in-house metabolite library developed using pure purchased standards and the commercially available National Institute of Standards and Technology library. All samples were normalized to the internal standard d4-succinate. The Myc high /TXNIP low signature was correlated with clinical outcome based on p53 mutation status. In F, the 95% confidence interval of the hazard ratio is 1.91-5.70. P values were calculated using the Mantel-Cox log-rank test.
ChIP. One 15-cm plate of MDA-MB-157 cells was used for each condition. Crosslinked and sheared chromatin was prepared as described (38) and was incubated overnight at 4°C with 2 μg anti-MondoA (Proteintech) or anti-Myc (NeoMarkers) antibodies. Immunocomplexes were captured with 10 μL Dynabeads M-280 sheep anti-rabbit/mouse (Invitrogen) for 1 h at 4°C. After washing, reversal of crosslinks, and DNA purification, transcription factor binding was determined by normalizing to input or input + IgG controls and was expressed relative to the highest enriched condition. Primers used for qPCR were reported previously (23) .
Informatics. The METABRIC data consist of clinical data and data derived from transcriptional profiling (41) . MYC and TXNIP gene-expression values were extracted from normalized data available from the European Genome-Phenome Archive. Construction of the breast cancer compendium has been described (26) . All survival data were extracted from original publications. The Kaplan-Meier estimate was used for plotting survival curves, and P values were calculated using the Mantel-Cox log-rank test. MYC activity for individual cell lines was determined using a welldescribed oncogenic pathway signature applied in a binary regression analysis (42) . Gene-expression data for the MYC signature were obtained from Gene Expression Omnibus GSE3151 (43) . We obtained exon array gene-expression data on breast cancer cell lines from the Gray cell line panel deposited at ArrayExpress E-MTAB-181 (44) . Both datasets were normalized using the SCAN algorithm, and a distant weighted discriminant method was applied (45) .
